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We characterize the mechanical recovery of compliant silicone gels following adhesive contact
failure. We establish broad, stable adhesive contacts between rigid microspheres and soft gels, then
stretch the gels to large deformations by pulling quasi-statically on the contact. Eventually, the
adhesive contact begins to fail, and ultimately slides to a final contact point on the bottom of
the sphere. Immediately after detachment, the gel recoils quickly with a self-similar surface profile
that evolves as a power law in time, suggesting that the adhesive detachment point is singular.
The singular dynamics we observe are consistent with a relaxation process driven by surface stress
and slowed by viscous flow through the porous, elastic network of the gel. Our results emphasize
the importance of accounting for both the liquid and solid phases of gels in understanding their
mechanics, especially under extreme deformation.
I. INTRODUCTION
From living tissue to food to common adhesives, gels
are ubiquitous in nature, engineering, and industry [1–6].
They are frequently used in biomedical applications [7–
10] and present desirable opportunities to engineer med-
ical devices with mechanical properties similar to biolog-
ical tissue [11, 12]. Recent work has explored the pos-
sibilities of gels as materials for soft robotics and other
useful machines, with particular excitement around the
development of super-tough hydrogels that can handle
extreme mechanical manipulations without failing [13–
17].
Despite the many applications of these materials, the
mechanics of gels remain a very active area of research.
Substantial recent work has demonstrated that highly
compliant materials, including soft gels, often respond
to mechanical stresses very differently than their stiffer
counterparts [18, 19]. New physics emerges on “elas-
tocapillary” length scales, comparable to the ratio of
the surface stress to the elastic modulus, Υ/E. In this
regime, which can be as large as tens of µm or even mm,
soft solids begin to act like liquids that can’t flow: for ex-
ample, undergoing capillary instabilities [20–23], forming
adhesive contacts that quantitatively resemble capillary
bridges [24–27], and blurring the line between adhesion
and wetting [28–35]. Other effects have also been found
to be important for understanding gel mechanics, includ-
ing poroelasticity [36–41], arising from the dissipative
flow of the internal fluid phase of a gel through its elastic
network, and viscoelasticity, which in gels includes ac-
counting for the power-law frequency-dependence of the
storage and loss moduli typical of these materials at high
frequencies [42–46].
With a few notable exceptions (e.g. [41, 43, 44]), most
low- and high-strain studies exploring the effects of solid
capillarity have focused on static or quasi-static deforma-
tions. However, soft solids are often subjected to extreme
deformations and fast dynamics, especially in the context
of adhesive detachment [43, 44, 47]. Meanwhile, there
exists a rich literature studying dynamic capillary insta-
bilities and breakup in liquids [48–54], but it is not yet
known whether similar singularities occur in capillary-
dominated solids.
In this paper, we characterize the mechanical recov-
ery of compliant, elastic gels after an extreme defor-
mation and sudden release from a point contact. We
place smooth, rigid spheres in adhesive contact with flat,
sticky, silicone gels and then pull the spheres away quasi-
statically until the contact line becomes unstable and
slides toward a final contact point on the bottom of the
sphere. We use high-speed video microscopy to capture
the deformation of the gel surface as it recovers after
detachment. The gel initially recoils with a self-similar
shape that evolves as approximately a 1/4 power law
in time, indicating that it experienced a singularity at
the moment of detachment. Complete recovery to a flat
surface takes about 1 second. We find that the profiles
and power law exponents we observe in the self-similar
regime are fundamentally different than the relaxation
after breakup of either simple liquids or viscoelastic ma-
terials [43, 49, 54]. Instead, by applying a simple scaling
argument, we show that our observations are consistent
with the recoil being driven by surface stresses and slowed
by Darcy flow of the gel’s viscous free fluid phase through
its crosslinked elastic network. These findings emphasize
the important roles played by both phases that make up
a gel in determining its static and dynamic mechanical
response to deformation.
II. EXPERIMENT
We prepare compliant, adhesive silicone gel sub-
strates by mixing together liquid divinyl-terminated
polydimethylsiloxane (PDMS) (Gelest, DMS-V31) with
ar
X
iv
:1
81
0.
05
32
9v
1 
 [c
on
d-
ma
t.s
of
t] 
 12
 O
ct 
20
18
2Final Contact 0.5 ms 1.0 ms 6.3 ms > 1st = 0.0064 ms 0.045 ms 0.1 ms
(a) Crosslinked solid silicone gel
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FIG. 1. Raw images of recoil after adhesive contact failure. (a) (left to right) A soft, silicone gel with Young’s modulus
E = 5.0 ± 0.1 kPa detaches from a final point of contact and relaxes back to its original, flat geometry. (b) An uncrosslinked
liquid silicone capillary bridge under the same conditions breaks contact very differently, first pinching off to a final connecting
thread, then breaking and leaving fluid behind on both sides of the original contact. Both examples were filmed at 78,000 fps
with a 1 µs exposure time.
a chemical crosslinker (Gelest, HMS-301) and catalyst
(Gelest, SIP6831.2). The mixture is degassed in vac-
uum, set into the appropriate experimental geometry,
and cured in an oven at 70◦C for at least 24 hours. After
curing, we perform all experiments at room temperature.
We control the stiffness of the silicone gels by adjust-
ing the ratio of polymer to crosslinker. Unless otherwise
noted, the experiments described here were all performed
on substrates with Young’s modulus E = 5.0± 0.1 kPa,
measured by bulk indentation using a texture analyzer
(Texture Technologies, TA.XT Plus). We also performed
control experiments with stiffer (E = 8.5 ± 0.1 kPa and
E = 17± 1 kPa) adhesive substrates, as well as with un-
crosslinked liquid PDMS (Gelest DMS-V31), in order to
compare the effects of varying the crosslink density or re-
moving it entirely. To verify that the gels do not change
over time, we remeasured all moduli after storing for one
month at room temperature and found no difference from
the original measurements. On the stiffer substrates, the
adhesive contacts fail at smaller total displacements, but
the results are otherwise similar.
The Poisson ratio of the gel elastic network is ν =
0.48, previously measured using a compression test in
a rheometer [33, 55]. The fraction of liquid PDMS in
these gels varies with stiffness. For the 5.0 kPa gels,
the fluid fraction is about 68% by weight, measured by
solvent extraction using toluene. The extractable fluid
fraction of the gels has the same measured viscosity as
the original, uncrosslinked fluid, η = 1 Pa·s.
To prepare substrates appropriate for imaging, we
apply uncured silicone onto the millimeter-wide edge
of a standard microscope slide, as in our earlier work
[25, 26, 33]. After curing, the resulting substrate is about
300-µm-thick, flat along the length of the microscope
slide, and very slightly curved (radius of curvature ∼700
µm) along the slide width. Once the substrates are ready,
we bring 20-to-50-µm-radius silica spheres (Polysciences,
07668) into adhesive contact. We control the sphere posi-
tion with sub-micrometer precision using a 3-axis micro-
manipulator stage (Narishige, MMO-203). The micro-
manipulator holds a pulled glass micropipette to which
the sphere is glued using 5-minute epoxy (Elmer’s) [26].
As soon as the glass sphere touches the silicone sub-
strate, the gel quickly spreads along the bottom of the
sphere to establish a broad area of contact. We allow
this contact to equilibrate for about 5 minutes, then be-
gin to separate the sphere and substrate at a slow rate of
0.2µm/s either by moving the sphere or by moving the
substrate, which is attached to the motorized microscope
stage. We pull on the adhesive contact until it becomes
visibly unstable. We then maintain the sphere at a fixed
position as the contact area slowly begins to shrink. The
contact line slides slowly at first but accelerates dramat-
ically as it approaches the final contact point. It usually
takes between 20-60 seconds from when the contact line
first destabilizes to the moment of detachment. Example
raw images from a typical solid gel detachment experi-
ment are shown in Figure 1(a). For comparison, we show
corresponding images from a liquid detachment experi-
ment using the uncrosslinked PDMS in Figure 1(b).
In experiments with different sized spheres, we found
no effect of sphere size on the recoil dynamics other than
changing the final detachment height; larger spheres,
which establish a larger initial contact area than small
spheres, are able to maintain stable adhesion to a greater
displacement. Therefore, all gel detachment results dis-
3cussed here are from experiments with the same 20.8-µm-
radius silica sphere.
We directly image the contact, deformation, and sub-
sequent dynamic relaxation on an inverted optical micro-
scope (Nikon Ti2 Eclipse). We illuminate the sample in
bright field with a low-Numerical Aperture (N.A.) con-
denser and image using a 40x (N.A. = 0.60) extra-long
working distance objective lens. A high-speed camera
(Phantom v310) captures the recoil dynamics; we addi-
tionally use a high-resolution large field of view (FOV)
camera for static imaging. Gravity is normal to the image
plane, and is negligible on these length scales.
To capture solid detachment over a large dynamic
range in time, we performed repeated experiments
recorded at different frame rates. Each experiment
brought the sphere into contact with a new location on
the same substrate. We acquired data at 300 frames per
second (fps) with a 320-by-640µm FOV, 3200 fps with
a 320-by-640µm FOV, 78,000 fps with a 64-by-128µm
FOV, 220,000 fps with a 32-by-64µm FOV, and 500,000
fps with a 4-by-16 µm FOV. All images were acquired
with a 1 µs exposure time to minimize blurring. By com-
bining the results of the different experiments, we obtain
data over five decades in time, from ∼1 µs to 0.1 s, and
capture the entire breadth of the deformation profile at
slower frame rates.
III. RESULTS
As we begin to pull on a stable adhesive contact, the
gel deforms with a surface profile that increasingly re-
sembles a liquid capillary bridge [25, 26]. However, once
the contact becomes unstable, its approach to detach-
ment is qualitatively different than that of a liquid, as
demonstrated in Figure 1. A liquid capillary bridge al-
ways collapses in the middle, in this case forming a final
thread of fluid that subsequently breaks as the two sides
recoil away from each other and leave fluid on both sides.
By contrast, the solid meniscus of the gel contact bridge
moves up until the final contact is a single point on the
bottom of the sphere, from which it detaches cleanly.
Even though a significant fraction of the gel is comprised
of free fluid, a small amount of crosslinking is enough to
completely change its behavior as compared to the pure
fluid.
After detachment, the gel’s free surface relaxes quickly
back toward its original, undeformed shape. This mo-
tion is extremely fast at first; based on the first-frame
displacement recorded at 500,000 fps, we estimate that
the tip recedes faster than 1 m/s during its initial recoil.
This is comparable to the shear wave speed of sound in
the material, cs ≈ 1.3 m/s, but much slower than the
pressure wave speed, cp ≈ 103 m/s. The rate of relax-
ation slows with time, and the entire process is finished
within about a second.
To quantify the recoil process, we map the gel’s surface
profile in each frame of each high-speed movie. In each
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FIG. 2. Profile mapping and distance evolution. (a) Plots of
recoiling gel surface profiles at t = 2.3 µs, 71 µs, 156 µs, and
1.7 ms after detachment, mapped from detachment experi-
ments imaged with 1 µs exposure time at 220,000 fps (purple),
78,000 fps (orange), 3200 fps (maroon), and 300 fps (blue).
Higher frame rates capture earlier times; lower frame rates
capture a larger field of view. (b) Log-log plot of the same
data as in (a). (c) Linear distance from the final contact point
to the profile peak, δ, versus time since detachment, t, for the
same frame rates as above plus two experiments at 500,000
fps (red and green). Dashed lines have slopes of 1/3 and 1/4.
(d) Profile peak height, h, vs. t. (e) Distances normalized by
initial height , δ/H0 and h/H0, versus t, overlaid. Error bars
are ±0.5/(frame rate).
image frame, we locate the (r, z) position of the dark edge
of the gel to about 100-nm-resolution using an adapta-
tion of the method we developed previously,[33]. Figure
2(a-b) show example mapped profiles on both (a) linear
and (b) log-log scales from a series of experiments cap-
tured at different frame rates: 220,000 fps, 78,000 fps,
3200 fps, and 300 fps. Here, we have zeroed the vertical
position of the profiles in reference to the final, unde-
formed surface long after the deformation and recovery.
The r = 0 position is defined by the center of the ax-
isymmetric profiles. As evident from these plots, higher
frame rates enable us to capture shorter-time dynamics,
while lower frame rates capture a much larger field of
view. In Figure 2(b), we see that at large r the surface
displacement falls away as 1/r, as would be expected for
a purely elastic deformation of an elastic half-space [43].
For small r, on the other hand, we observe that the recoil-
ing peak rounds off rather than ending in a sharp point.
This suggests a transition from an elastically-dominated
far field to a capillary-dominated near field, as we have
also observed in quasi-static experiments with such soft
4gels [25, 26, 28, 33].
We characterize the peak geometry over time by fitting
the data with a smoothing spline and extracting the peak
center position, height h, and linear distance from final
contact point δ. In this way, we analyze all mapped de-
formation profiles except those collected at 500,000 fps.
For these, the field of view is too small to map the full
surface profile, so we only obtain the linear distance from
the detachment point for these data.
We plot the distance from detachment δ versus time
t for all experiments in Figure 2(c). For every data set,
we estimate the detachment time, t = 0, as halfway be-
tween the last-attached and first-detached image frames,
with an error of ±0.5/(frame rate). We find that the dis-
tance from detachment grows as a power law in time of
approximately δ ∼ t1/4 over at least 2.5 decades of time,
from the earliest we are able to measure (about 1 µs)
until about 500µs after detachment. At this later time,
the peak has relaxed to about half of its initial height,
and the recoil is just beginning to deviate from the initial
power law.
We plot the peak height h vs. t in Figure 2(d). In-
terestingly, at late times the peak height appears to be
entering a new regime of power-law decay, although the
data are limited in this long-time regime. The final de-
tachment height varies somewhat from experiment to ex-
periment, which slightly shifts the measured δ and h val-
ues between experiments, but does not change their scal-
ing with time, as shown in Figure 2(e). In experiments
with stiffer silicone gel substrates, we observe the same
δ ∼ t1/4 growth at early times.
IV. DISCUSSION
The existence of power-law evolution in length scales
with time from detachment suggests that the gel is evolv-
ing from a singularity at the moment of detachment. Sin-
gularities abound in a broad range of physical systems,
including the potential energy of an electric point charge
[56], the rolling speed of a spinning disk as it comes to
rest [57], the spacetime singularity at the heart of a black
hole [58], and the Big Bang [59]. Singularities are partic-
ularly important and well-studied in a variety of fluid dy-
namic processes [54], including bursting bubbles and the
eruption of liquid jets from surfaces [52, 60], the motion
of an unpinned liquid contact line toward its equilibrium
contact angle [49], and the breakup and recoil of droplets
and liquid capillary bridges [49–51, 53, 61].
Near-singularity behavior is typically characterized
both by length scales that evolve as power laws in time
and by self-similarity; without an externally-imposed
length scale, the shape of a free surface will simply rescale
as a power law in time with a fixed functional form [62].
To investigate whether this occurs during recoil after soft
solid adhesive detachment, we take a closer look at the
post-detachment gel surface profiles in both the power-
law regime and at later times.
(1) 1-100 µs (2) 1-500 µs (3) 500 µs - 14 ms
(a)
(b)
흳
FIG. 3. Profiles evolving with time. (a) All surface profiles
from a 220,000 fps experiment. While the tip region recoils
extremely quickly at early (1) and early-to-intermediate (2)
times, the far-field surface only moves significantly at late
times (3). (b) The same profiles rescaled by the distance
from detachment, δ. We find that all profiles collapse to a
self-similar shape near the peak while δ scales as a power law
in time.
In Figure 3(a), we plot all as-mapped profiles from an
experiment imaged at 220,000 fps over three time inter-
vals: (1) from 1-100 µs, including early times fully within
the power-law regime; (2) from 1-500 µs, including early-
to-intermediate times as δ vs. t just begins to deviate
from its initial power law; and (3) from 500 µs through
13.6 ms, as the recoil slows further and no longer follows
a power law. Here, we put the zero of the coordinate
system at the detachment point. Examining these pro-
files, we see that at early times the recoiling motion is
largely confined to the tip region, while the far field sur-
face barely moves at all. At intermediate times, around
500 µs when the gel has recovered about halfway, we be-
gin to see some relaxation of this far field in addition to
the tip. At longer times, the entire profile relaxes back
toward its original, flat configuration.
To investigate whether the recoiling gel surface is self-
similar in the tip region, we rescale the profiles with the
measured distance from detachment δ and plot the di-
mensionless results in Figure 3(b). We find that rescaling
both the height and width of the profiles by δ collapses
the profiles in the region close to the recoiling tip, within
about±δ/4. At intermediate times, as the relaxation just
begins to deviate from its initial power law, only the very
peak remains self-similar, and at later times the profiles
are no longer self-similar.
Both a qualitative characterization of the break-off
process and the observed power law growth in length
scales indicate that solid gel detachment is a singular
event. In the pure fluid case, breakup and recoil is driven
5by surface tension and hindered by inertia, leading to
length scales that grow as t2/3 (Ref. [49, 53]). However,
for these gels, despite the demonstrated importance of
solid capillarity in their quasi-static mechanical response
[25, 26, 33] as well as their large (68%) fluid fraction,
the adhesive detachment singularity belongs to a differ-
ent universality class than liquid breakup.
So what physics governs the singular dynamics of a
soft gel as it recovers from an adhesive contact failure?
We can eliminate inertia, as the relaxation speed in most
of this regime is much smaller than the speed of sound
in the solid. Both bulk elasticity and surface stress can
dominate the mechanical response of soft solid materi-
als [18, 19]; either of these could be responsible for the
recoil driving force. The dissipation mechanism could
be viscoelastic; in particular, recent work has begun to
investigate the consequences of power-law rheology on re-
laxation in these gels [44–46]. As gels are systems with
two microscopic phases, the dissipation could also be due
to viscous stresses arising from relative flow of the free
fluid phase of the gel through its permeable elastic net-
work [39–41]. Note the qualitative distinction between
viscoelasticity and viscous stresses; in the former, dis-
sipation comes from local rearrangements of the elas-
tic network, with no relative motion of the two phases
that comprise the gel. Overall, these possible driving
forces and dissipation mechanisms suggest four possible
balances that could govern the adhesive detachment sin-
gularity: (1) an elastic restoring stress vs. viscoelasticity;
(2) a solid surface tension restoring stress vs. viscoelas-
ticity; (3) elasticity vs. viscous flow (i.e. poroelasticity);
and (4) solid surface tension vs. viscous flow.
We investigate the viscoelastic response of the gel by
first measuring its rheology. We measure the small-strain
(1%) frequency-dependence of both G′ and G′′ over a
range of angular frequencies from ω = 0.1 s−1 up to
the rheometer’s maximum angular frequency, ω = 200
s−1.The complex rheology of gels and elastomers, in-
cluding PDMS, can be described by the Chasset-Thirion
model [44, 63, 64], with G′(ω)+iG′′(ω) = µ0(1+(iωτ)n).
Fitting our rheology data to this model, we obtain µ0 =
1.8 kPa, τ = 0.11 s, and n = 0.52. Extrapolating to
even the higher frequencies corresponding to the power-
law regime of the experiment, we expect both the stor-
age modulus and the loss modulus scale approximately
as the same power n of frequency [44]: G′ ∼ G0ωn and
G′′ ∼ G0ωn, where G0 is a constant with dimensions of
[Pressure × Timen].
We can now apply dimensional analysis to determine
whether viscoelasticity can be the dominant dissipation
mechanism in the recoiling gels. If the relevant balance is
elasticity vs. viscoelasticity, the only parameters that the
growing length scale δ can depend on are t and G0, such
that δ = f(t, G0). However, no such scaling exists that
could yield the correct dimensions for δ. Alternatively,
if surface stress Υ is responsible for the dominant restor-
ing force, then δ = f(t,Υ, G0). In this case, the only
dimensionally-correct scaling is δ ∼ Υtn/G0 ∼ tn ∼ t0.52,
but this exponent is inconsistent with our data. Further,
we expect the numerical value of n to change with ma-
terial stiffness [65], but within measurement error we ob-
serve the same early-time power law scalings over more
than a factor of three in modulus.Therefore, any interpre-
tation of the dynamics based on viscoelastic dissipation
is inconsistent with our data.
Next we consider relative viscous flow between the liq-
uid and solid components of the gel as the dominant dis-
sipation mechanism. In order for the stretched silicone
substrate to recover its original, flat geometry, it must
reincorporate all of the material that was pulled out of
the bulk during the initial, slow deformation. This re-
quires flow of the free fluid phase through the permeable,
compressible gel elastic network.
In this case, if the driving force is the elasticity of the
network, then the balance between elasticity and viscous
flow is poroelasticity, which is characterised by diffusive-
like motion of liquid through the gel mesh. The fluid
moves with a diffusivity D ∼ kE/η, where k is the gel
permeability and η is the viscosity of the free liquid [38–
41]. In poroelastic flow, we would expect δ ∼ f(t,D) ∼√
Dt ∼ t1/2, but this scaling is again inconsistent with
our data.
By process of elimination, these scaling arguments sug-
gest that the recoil of the stretched gel must be governed
by a balance between surface stress and relative viscous
flow. A capillary driving force is further indicated be-
cause the radius of the recoiling peak is smaller than the
elastocapillary length in the gel, Υ()/E. At zero strain,
this length scale is around 4 µm, but can easily stretch to
tens of micrometers or more for large strains  [25, 26].
Hence, we expect solid capillarity to dominate locally
over elasticity.
However, in this case, dimensional analysis of this gov-
erning balance does not yield a unique power-law solution
relating δ and t. Therefore, we consider a scaling argu-
ment based on the observed dynamics at the recoiling
peak. We approximate the shape of the gel surface just
prior to detachment as a cone, drawn schematically in
Figure 4(a). Immediately following detachment, the peak
rounds off and the gel surface assumes the observed sim-
ilarity solution, analogous to what occurs in liquids just
after breakup [49]. Next, the gel surface relaxes while
maintaining self-similarity at the peak throughout the
power-law regime, as sketched in Figure 4(b).
The surface curvature at the peak creates a positive
Laplace pressure, P ∼ Υ/δ, which drives flow away into
the bulk of the gel. This flow can be described using
Darcy’s law [39, 41] such that the speed of this flow is
given by:
v =
k
η
∇P, (1)
Since we only observe the peak and its surroundings
losing volume, the draining fluid must flow into the bulk
out of a region with a characteristic size L, as sketched
in Figure 4(b). Approximating the pressure gradient as
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The Pointy-Roundoff Mechanism
L Υ = Υ(ε) 
(stretched surface)
r
(a) (b)
~L
FIG. 4. Schematic of proposed mechanism. Just prior to de-
tachment, the gel surface resembles a cone with a sharp peak.
Immediately after detachment, the gel assumes its similarity
shape, which we approximate as having a hemispherical tip
that grows in radius proportional to the distance from de-
tachment, r ∼ δ. Solid surface stress, Υ, creates a pressure
gradient due to the surface curvature, P ∼ Υ/δ. In order to
recover from this initial deformation, the internal fluid phase
of the gel must flow through the gel’s elastic network out of
the adjacent volume, whose characteristic size we indicate as
L, and back into the bulk of gel.
uniform over this entire region, we find that the flow ve-
locity scales as v ∼ (k/η)(P/L) ∼ kΥ/(ηLδ). Hence, the
total volume flux out of this region scales with this flow
velocity multiplied by the area (∼ L2) of its base:
V˙ ∼ kΥL
ηδ
(2)
Meanwhile, the volume lost per time from the hemi-
spherical tip of the peak is V˙ ∼ d(δ3)/dt. Equating this
to Equation (2), the solution of a simple differential equa-
tion yields a scaling relation between distance, time, and
material properties:
δ4 ∼ kΥL
η
t (3)
It remains to determine the length scale L that sets
the size of the drainage region. Importantly, our scaling
argument makes no assumptions about L other than that
it sets the scale of the pressure gradient; in arriving at
Equation 3, L plays no explicit role in the singular dy-
namics within the similarity region. Considering the sur-
face geometry and gel material properties, two potential
length scales are readily apparent: the tip radius r, and
the elastocapillary length. Both of these are on the order
of micrometers or more, much larger than any molecular
length scale. Testing the first possibility, L ∼ r ∼ δ,
Equation 3 simplifies to:
δ ∼
(
kΥt
η
)1/3
∼ t1/3 (4)
Due to the ±0.5/(frame rate) uncertainty in measuring
the time since detachment, this scaling could be consis-
tent with our δ vs. t data in the first decade of time
that we are able to measure (from 1-10 µs), as shown in
Figure 2(c). However, it is clearly inconsistent with our
measurements beyond these first few data points.
On the other hand, taking the elastocapillary length
as the dominant length scale, L ∼ Υ/E, we obtain
δ ∼
(
kΥ2t
ηE
)1/4
∼ t1/4, (5)
which is completely consistent with our data over the en-
tire first two and a half decades of time measured after
the detachment singularity. The established importance
of elastocapillarity in static and quasi-static experiments
with soft materials [18, 19] as well as the key role played
by solid surface stress in driving the post-detachment re-
coil in our experiments supports our hypothesis that the
size of the drainage region will be set by the elastocap-
illary length. However, we note that other comparable
scales for L could also yield a δ ∼ t1/4, provided that
they were independent of and larger than δ. Further
experiments with a wider range of substrate stiffnesses,
measuring k independently [38], and accounting for the
dependence of k on E will be required to explore fully
the interplay of solid surface stress and elasticity.
V. CONCLUSIONS
We have seen that the failure of the adhesive con-
tact between a rigid sphere and a compliant gel is sin-
gular: the soft gel, stretched from maintaining adhe-
sion against a separation force, ultimately detaches from
a single, final contact point. From that moment, the
deformed gel peak recoils with a self-similar shape and
length scales that evolve as approximately a 1/4 power
law in time. Although singular breakoff and recoil dy-
namics have been extensively studied in liquids [48–54],
and the gels are comprised of a significant fluid fraction,
both the surface geometry and power-law scaling of the
recoiling gels demonstrate that this adhesive detachment
singularity belongs to a different universality class than
liquid breakup.
In exploring the physics governing the singular dynam-
ics of the recoil process, we considered four possible bal-
ances of two driving forces, elasticity and solid surface
stress, against two likely dissipation mechanisms, vis-
coelasticity and relative viscous flow of the gel’s fluid
phase through its permeable elastic network. Dimen-
sional scaling arguments rule out viscoelasticity as the
dissipation mechanism. A balance of elasticity and rela-
tive viscous flow, or poroelasticity, also predicts scalings
inconsistent with our measurements. Instead, we find
that the post-detachment recoil dynamics are governed
by a balance of solid surface stress driving against rela-
tive viscous flow of the fluid phase through the elastic net-
work. A scaling argument based on these physics and the
observed geometry of the recoiling peak predicts power-
law scalings in good agreement with what we observe in
7experiments. Importantly, this provides evidence that
solid capillarity plays a crucial role not only in static and
quasi-static soft matter mechanics, but also in the fastest
dynamical processes.
Our findings provide new insights into the dynamics
of gels under extreme deformation, and emphasize the
importance of accounting for both the free fluid and the
solid elastic network in understanding the mechanics of
gels. Soft gels have recently emerged as a powerful test-
ing ground for furthering our understanding of the me-
chanics of highly compliant materials [18, 19, 25] while
simultaneously seeing increasing applications as next-
generation engineering materials in medicine, drug de-
livery, microfluidics, soft robotics, and more [6–17, 66].
However, much of this work has thus far treated gels
as homogeneous compliant solids, neglecting their two-
phase microstructure. Only a handful of recent studies
have begun to look carefully at the mechanical response
of gels in a way that takes into account their multiphase
nature [33, 38, 39, 41, 67].
In some cases, e.g. in shear deformation, we can ne-
glect this two-phase microstructure, and work with gels
as universal representatives of soft matter [18]. How-
ever, in other cases, we will need to account carefully
for the role of the internal fluid phase in determining gel
structure and dynamics [27, 33, 38–41, 67, 68]. Further
studies will investigate the dynamics of adhesive wet-out
with soft gels as well as the approach to detachment, both
of which may also show singular dynamics. It will also
be important to understand the governing physics that
can drive the free fluid phase to flow out of (or into) a
soft gel, especially as this may play an important role in
mediating soft contact with rough surfaces [33].
We thank Frederik Brasz, Wendy Zhang, Herbert Hui,
Anand Jagota, and Roderick V. Jensen for helpful dis-
cussions. We also thank Joey Headley and Nick Patino
for help setting up the experiments.
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